Introduction
Coxsackievirus B4 (CVB4) is an enterovirus of the family Picornaviridae. Since their isolation (Melnick et al., 1949) , the group B viruses (B1 to B6) have been implicated in a wide spectrum of clinically distinct, acute and chronic disease syndromes (for a recent account see Bendinelli & Friedman, 1988) . However, evidence linking these viruses to chronic disease has been largely seroepidemiological and persistent infection demonstrable only in immunodeficient animals (Schnurr & Schmidt, 1984; Schnurr et al., 1984) . More recently, enterovirus-specific cDNA probes have been used to detect RNA sequences in human heart tissue in situ (Easton & Eglin, 1988) and in RNA extracted from biopsy samples from patients with chronic heart or muscle disease (Bowles et al., 1986 Archard et al., 1987; Cunningham et al., 1990) . In addition, it has been shown that these viruses can persist in the tissues of normal adult mice (Bocharov & Shalaurova, 1984; Guriunova & Savinov, 1987) . t Present address: National Institute for Biological Standards and Control, Blanche Lane, South Mimms, Potters Bar, Hertfordshire EN6 3QG, U.K. 0001-0734 © 1992 SGM This paper presents the first report of a persistent infection by an isolate of CVB4 (designated CVB4-P15) adapted to grow in the mouse pancreas. Data were collected during a 10 month study of a murine model of CVB4-induced pancreatitis using standard virological and histological techniques. These included the recovery of infective virus from the pancreas and other tissues, and the demonstration of new lesions and CVB4-specific antigen in the exocrine pancreas late after the initial infection.
Methods
Generalprocedures. The origins of the virus isolate and mouse strains used in this study, together with the procedures employed for Vero cell culture, infection, necropsy, virus isolation, infectivity assays and the quantification of neutralizing antibody are given in Vella & Festenstein (1992) .
Infectious centre assay (ICA) . Blood was collected from the heart of infected or uninfected control anaesthetized mice 2 days post-infection (p.i.) into 2 ml syringes previously rinsed with heparin (1000 units/ml; C P Pharmaceuticals). It was immediately diluted 1:4 in RPMI 1640 medium containing 1% heparin, layered onto 2 ml Lymphosep (SeraLab) in 10 ml screw cap conical test tubes (Falcon), and centrifuged at 959 g for 25 min at room temperature. Buffy coat peripheral blood lymphocytes (PBLs) and plasma were collected separately and assayed for infectivity. Spleens were aseptically removed and single-cell suspensions prepared in medium.
After two washes by centrifugation in RPM11640 (124g for 10 min), cells (PBL or spleen) were divided into two portions; one was incubated in excess monkey anti-CVB4 serum (dilution 1 : 100) for 4 h at 37 °C, the other in RPM11640 alone. After three washes in RPMI t640 to remove the antiserum, the cell concentration was determined and 500 l-tl aliquots containing 10, 50 or 100 cells were transferred in duplicate to Vero cell monolayers in six-weU Linbro plates. A plasma control for infective virus was included in duplicate for each animal (final dilution 1 : 100). Duplicate samples were assayed after one cycle of freezing and thawing.
Immunogold silver staining ( IG SS) of tissue sections. The protocol used was basically as described by the manufacturers (Janssen) and included pretreatment with Lugol's iodine (1% iodine in 2% aqueous potassium iodide). Briefly, following a 10 rain block with undiluted normal goat serum sections were incubated with 30 Ixl of primary antibody (monkey anti-CVB4 diluted 1 : 250, a kind gift from P.H.L.S. Colindale, U.K. or F4/80 diluted 1:40, a mature macrophage marker, a kind gift from Dr S. Gordon, Oxford, U.K.) for 1 h at room temperature and washed three times with PBS. Sections were then incubated for a further 1 h with the appropriate gold (5 nm)-conjugated second antibody (Janssen anti-human or anti-rat at 1 : 120) and washed extensively, first in PBS and then in Milli-q H~O (Millipore). Silver enhancement with Janssen Intense II was monitored by light microscopy.
Indirect immunofluoreseent ( IFA ) staining of cryoseetions. The method used has been reported in detail (Vella & Festenstein, 1992) , but briefly, unfixed 7 ~tm pancreas cryosections were blocked with 20% normal sheep serum, incubated for 40 rain with monkey anti-CVB4 antibody as described above, washed and incubated for a further 40 min with fluorescein isothiocyanate-conjugated sheep anti-human Ig (WeUcome) at a dilution of 1:30. After washing, sections were counterstained with propidium iodide (0-1%), washed, mounted in Uvinert (Gurr) and examined under a Zeiss fluorescence microscope.
Results and Discussion

Virus growth and dissemination during acute infection
At 1 to 8 days p.i. virus titres in homogenates of liver and heart were low in most of the strains tested (< 2.0 lOg l0 p.f.u./g wet tissue); however, titres in BALB/c mouse liver homogenates 3 days p.i. were high enough (1 × 106 to 7 x 106 p.f.u./g wet tissue) to assume that this organ supported virus replication. Virus could not be recovered from cell-free spleen homogenates from any strain between 1 and 7 days p.i. (results not shown), although small amounts of virus were occasionally found by ICA (see below). All animals of all strains were viraemic 2 to 4 days p.i. (1 x 104 to 10 x 104 p.f.u./ml) (results not shown).
Results for virus growth in the pancreas during the acute phase of infection (1 to 8 days) are presented in Vella & Festenstein (1992) , but are summarized briefly here. Between 1 and 5 days p.i. CVB4-P15 could be detected in the pancreas of all strains of mice, other than C3H/HeJ, which had been inoculated with 10 z to 104 p.f.u./mouse. Pancreatic virus titres peaked 3 to 4 days p.i. in most strains, after which titres fell; virus could still be isolated from the pancreas of six strains 7 to 8 days p.i. (DBA/1, SWR/J, BALB/c, CBA/H-T6, C3H/Heola and C57BL/ksdbm) (Vella & Festenstein, 1992) .
Virus could not be detected in PBLs, spleen cells or lysates from seven NIH or five CBA/H-T6 mice 2 days p.i. by using ICA. However, small amounts of virus (which produced between one and three plaques per well) were detected occasionally (one of seven mice tested in each instance) in PBLs that had not been treated with monkey anti-CVB4 antibody and in treated spleen cell lysates from C3H/Heola mice. Similarly one of five BALB/c mouse spleen cell lysates that had not been incubated with the antiserum produced three virus plaques. Virus was present at high concentration (100% c.p.e, when plated at a dilution of 1 : 100) in comparable plasma samples from all four strains of mice. These results suggest that following intraperitoneal inoculation, CVB4-P 15 rapidly infects and replicates in the pancreas. Virus shed into the bloodstream circulates mostly free in plasma and, except for that in BALB/c mice, bloodborne virus does not subsequently undergo significant replication in non-pancreatic tissues. In agreement with these results, Gauntt et al. (1979) have reported that spleen cells do not support the replication of myocarditic or amyocarditic variants of CVB3 in vitro.
Virus recovery at later stages of infection
Infective virus was detected between 1 and 10 months p.i. in plasma or various organs from seven of the 10 strains examined (Table 1 ). In most instances the virus titre was low (three to 15 plaques at a 1:10 dilution, approximately 102 p.f.u./g wet tissue), but in several the titre ranged between 3.8 x 10 3 and 1 × 10 7 p.f.u./g wet tissue. Of 45 infected organs, 31 were pancreases, but in two strains, C57BL/6Jdbm and C57BL/ksdbm, other organs were sampled only rarely. A single SJL/J mouse serum sample was virus-positive (5 x 104 p.f.u./ml) at 3 months p.i. These results show that CVB4-P 15 persists in the tissues of seven mouse strains. In most cases, the pancreas appears to be the target organ, but unlike acute phase samples, virus can be occasionally isolated from the spleen. Virus was not recovered from the tissues of C3H/HeJ, NIH or CBA/H-T6 mice beyond the acute phase (not shown). Replicate tissues from all strains were examined for histological evidence of infection.
Histological changes on infection
During the acute phase of infection (1 to 8 days), virusinduced lesions were found in the exocrine pancreas of all strains inoculated with 10 z to 105 p.f.u. CVB4-P15 (Table 2) . However, infiltrating inflammatory cells t First figure indicates the number of organs from which virus was recovered, the second figure is the total number of organs sampled at that time. For each strain the number of organs with a virus titre >/l x 104 p.f.u./g wet tissue is shown in the last column, all other organs having a titre of approximately 1 x 102 p.f.u./g wet tissue (one to 15 plaques at a 1:10 dilution of organ homogenate). ~: n, Number of animals tested surviving at 10 days p.i. § ND, Not done. II One SJL/J mouse serum sample had a titre of 5 x 104 p.f.u./ml at 3 months p.i. Virus could not be recovered from the serum of any other strain nor from other SJL/J mice beyond 4 days p.i. persisted in several strains for at least 3 weeks p.i. and, between 3 and 6 weeks, dead acinar tissue was replaced by adipose tissue. Therefore, for the purpose of describing histological changes, the time course was divided into three phases, acute (1 day to 3 weeks p.i.), convalescent (3 weeks to 6 weeks p.i.) and a late or persistently infected phase, 6 weeks to 10 months p.i. These findings are illustrated in Fig. 1 to 10, and summarized in Table 2 . The extent of CVB4-P15-induced pancreatic damage varied among the strains studied from frank necrosis with interstitial oedema (compare Fig. 1 with Fig. 2 ) to focal pancreatitis (e.g. Fig. 3 ). Acute coagulative necrosis of the exocrine tissues was also seen in some strains (Table 2 ). In such cases the cytopathology was a direct effect of lytic virus infection. Indeed, for DBA/1 mice rapid lysis of acinar tissue with the release of pancreatic enzymes resulted in the autolysis of abdominal fat. For strain C3H/HeJ mice a virus concentration of 105 p.f.u, was required to induce focal pancreatitis. Occasional small foci of inflammatory cells were also seen in sections of liver but not of heart or spleen from several strains during the acute phase (results not shown). Clearly, CVB4-P15 shows a strong tropism for the exocrine pancreas. Dead acinar cells were replaced with adipose tissue as early as 3 weeks p.i., and by 6 weeks p.i. fat was well organized. In all strains the extent to which fat replaced acinar tissue during the convalescent phase seemed to be directly proportional to the extent of acinar tissue necrosis suffered during the acute phase. Other commonly observed features were the persistence of inflammatory cells intimately associated with acinar tissue, calcification and evidence of recent acinar necrosis. Acinar cells showing degranulation with swollen and vacuolated cytoplasm (e.g. Fig. 4) were also observed in mice of strains BALB/c and C57BL/ksdbm (Table 2) . Acute myocarditis was seen in an SWR/J mouse 24 days p.i. (not shown).
The pattern of pathological damage seen in the pancreas of all strains between 2 and 10 months p.i. (e.g. Fig. 5 to 8) largely resembled that seen during the convalescent phase, except that the healed pancreas pre- ' ,j~ Fig. 1 sented areas of well organized adipose tissue alongside healthy acini. An insulitis was observed in one C57BL/ ksdbm mouse pancreas section and heart lesions were observed at 6 months p.i. and at 8 months p.i. in C57BL/ 6Jdbm and SWR/J mice respectively (not shown). From a total of 83 pancreases examined after the acute phase, 42 were healed (five of these showed no evidence of prior infection), 23 showed foci of inflammation and in 18, new lesions were seen (e.g. Fig. 5 ). In five pancreas sections evidence of recent necrosis was found in organs which showed little or no sign of previous damage (e.g. Fig. 6 , 10 months p.i.). Mature (or well organized) and newer (less well organized) adipose tissue were readily distinguishable by their structure (e.g, Fig. 7) . In short, evidence of continuing pathological damage was found in all mouse strains other than S J L / J and C3H/HeJ. (Table 3) . Antigen was readily detected in acinar tissue between 2 and 4 or 5 days p.i. depending on the mouse strain (e.g. Fig. 8) . Between 3 and 10 days p.i. infiltrating inflammatory cells also stained positively for virus antigen, and staining of duplicate sections with the monoclonal antibody F4/80 indicated that the majority of these virus-positive cells were mature macrophages (e.g. Fig. 9 ). Murine macrophages are not permissive to the replication of CVB in vitro (Kabiri & Hadaegh, 1977) , but can take up and carry these viruses (Gauntt et al., 1979) . In this model macrophages may play a role in virus clearance, but their abundance in the pancreas may also suggest that they contribute to tissue pathology. Antigen could not be detected in other pancreatic tissues, nor in liver, heart or spleen. However, viral RNA has been detected in pancreatic acinar cells and occasionally in heart, liver and spleen by in situ hybridization (Vella et al., 1991) . Antigen was not detected in C3H/HeJ mice beyond 4 days p.i. During the later stages of infection (10 days to 10 months), small groups of acinar cells stained for virus antigen (e.g. Fig. 10 , Table 3 ). Macrophages were also • i occasionally found among foci of acinar cell inflammation (not shown). Virus antigen was not detected in nonpancreatic tissues at this time, although virus RNA was found in the liver and heart of the single mouse examined at 1 month p.i. (Vella et al., 1991) • Both the histological and immunocytological findings suggest that CVB4-P15 persists in pancreatic acinar cells• In contrast to the diffuse lesions seen during acute infection, late lesions were mostly discrete or focal in appearance (e.g. Fig. 5 ). Evidence of prior damage (mature fat replacement), more recent damage (less Strain Time after infection~" SWR/J BALB/c C57BL/6Jdbm C57BL/ksdbm SJL/J CBA/H-T 6 C3H/Heola DBA/1 N1H C3H/HeJ 2 to 3 days 1:3:~ 3:3 4:4 2:2 2:3 1:1 2:2 1:1 1:1 4days 2:2 5:5 4:4 1:1 2:3 2:2 2:2 3:4 5 days 2:2 1:2 0:2 1:1 1:1 1:1 6 days 0:1 1:1 0:1 7 days 1:2 1:1 0:2 1:4 0:1 1:1 2:4 8 to 9 days 2:2 t :1 1:1 1:1 10 days to 6 weeks 5:5 1:1 3:4 2:2 2:2 1:1 6 weeks to 3 months 2:4 1:1 1:3 § 1:1 1:2 § 1:3 § 1:3 § 3 months to 5 months 1 : 1 0 : 2 6 months to 8 months 2 : 4 1 : 1 9 months to 10 months 0:4 1:1 0:3 0:2 * All results were obtained by IGSS, except for those marked § which were obtained by IFA. organized fat replacement) and new focal lesions was found within a single pancreas section on four occasions. Lesions of the heart were rarely found and, although virus was occasionally isolated from the liver and spleen several months after infection, lesions were not seen. Moreover, virus was detected in the serum on only one occasion during the late phase of infection (Table 1) . Taken together these observations suggest that persistent infection is localized to the pancreas.
CVB4-specific neutralizing antibody
Neutralizing antibody was detected in all strains during the acute infection (Vella & Festenstein, 1992) and four strains (C57BL/ksdbm, C57BL/6Jdbm, BALB/c and SWR/J) were sampled at later stages of the infection. Between 6 weeks and 10 months p.i. reciprocal serum neutralization titres (50~ endpoint) were comparable with or higher than acute titres in individual animals, suggesting the continuation of a humoral immune response. Between 6 weeks and 10 months p.i. 10 of 24 C57BL/ksdbm mice had reciprocal serum neutralization titres of /> 10; individual titres ranged between 20 and 340. Similar results were seen with 10 of 28 C57BL/ 6Jdbm mice (range 15 to 120). With strain SWR/J, 25 of 34 mice showed titres in the range 10 to 680; 19 of these animals had titres >/40. Only 13 BALB/c mice were sampled between 6 weeks and 6 months p.i., but nine of these animals had titres in the range 10 to 80. Retrospectively, four of the 10 mouse strains were found to have seroconverted for mouse hepatitis virus (MHV). Clinical evidence of MHV infection was seen 10 weeks after infection with CVB4-P15 in SWR/J mice, although these animals were seronegative for MHV by external screening (The Microbiology Laboratories, Middlesex, U.K.) prior to infection with CVB4-P15. Routine internal screening (Organon Technika ELISA) revealed that strains NIH, DBA/1 and SJL/J had seroconverted for MHV by 3 months, and C57BL/6Jdbm and C57BL/ksdbm mice not earlier than 6 months after CVB4-P15 infection. Although it is possible that strains DBA/1 N I H and SJL/J became persistently infected with CVB4-P15 only when co-infected with MHV, coinfection was clearly not essential for the establishment of a persistent CVB4-P15 infection in the other strains (Tables 1, 2 and 3). 
Concluding remarks
Persistent infections with lytic viruses such as CVB have been reported in immunocompromised mice when there is extensive pathology and high mortality (e.g. Schnurr & Schmidt, 1984; Schnurr et al., 1984) . However, this is the third report of persistent coxsackievirus infection of normal adult mice producing few or no overt clinical symptoms. CVB1 has been isolated for up to 180 days (Bocharov & Shalaurinova, 1984) and CVB3 for up to 390 days in BALB/c mice (Guriunova & Savinov, 1987) . With certain viruses, e.g. herpesvirus (Croen et al., 1987) and Aleutian mink disease virus (Bloom et al., 1989) , persistent infections may be associated with restricted virus replication. Cunningham et al. (1990) have proposed that chronic enterovirus infection in non-inflammatory muscle disease is associated with mutant viruses defective in their control of RNA synthesis. In this model, in contrast to the extensive pathology seen during the acute phase, persistent infection is characterized by discrete new lesions, the presence of virus antigen in small groups of acinar cells and a continuing humoral immune response with low virus titres in the pancreas.
